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Abstract 
Positron range (PR) is one of the important factors that limit the spatial resolution of positron emission tomography (PET) 
preclinical images. Its blurring effect can be corrected to a large extent if the appropriate method is used during the image 
reconstruction. Nevertheless, this correction requires an accurate modelling of the PR for the particular radionuclide and 
materials in the sample under study. In this work we investigate PET imaging with 68Ga and 66Ga radioisotopes, which have a 
large PR and are being used in many preclinical and clinical PET studies. We produced a 68Ga and 66Ga phantom on a natural 
zinc target through (p,n) reactions using the 9-MeV proton beam delivered by the 5-MV CMAM tandetron accelerator. The 
phantom was imaged in an ARGUS small animal PET/CT scanner and reconstructed with a fully 3D iterative algorithm, with 
and without PR corrections. The reconstructed images at different time frames show significant improvement in spatial 
resolution when the appropriate PR is applied for each frame, by taking into account the relative amount of each isotope in the 
sample. With these results we validate our previously proposed PR correction method for isotopes with large PR. 
Additionally, we explore the feasibility of PET imaging with 68Ga and 66Ga radioisotopes in proton therapy.  
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1. Introduction
One of the main limitations to the spatial 
resolution achievable in 3D positron emission 
tomography (PET) arises from the range of positrons 
in tissue [1]. Positron range (PR) makes the 
distribution of the emission points of the 511keV 
annihilation gamma-rays different than those of the 
positron emissions. If it is not well modelled and 
corrected for, it may lead to a sizeable blurring in the 
reconstructed PET images. While the spatial 
resolution with state-of-the-art small animal PET 
scanners such as the ARGUS [2] is of the order of 1 
mm, the mean positron range (PR) of some 
commonly used isotopes is significantly larger, as for 
example for 68Ga (~2 mm) or 82Rb (~4 mm) [3].  
Several methods have been introduced to avoid 
the blurring of the images [4,5] and different PR 
corrections have been proposed. In a previous work 
[6] we have showed that one can take into account 
the material-dependent positron range by modelling 
its effects during 3D OSEM reconstruction procedure 
[7], once the properties of the local media are 
obtained from a CT image. In this approach the 
quality of images significantly improves with PR 
correction, rendering large positron range isotopes 
such as 68Ga meaningful [6].  
An experimental validation of this procedure 
with several PET isotopes with significantly different 
positron ranges, such as 68Ga and 66Ga (see Table 1) 
is still needed. This can be achieved with reduced 
systematic uncertainties if both isotopes are 
simultaneously produced in sufficient amounts at the 
same location, as proposed in this work.   
The study of the production of Ga isotopes using 
proton beams has also interest for its potential 
medical applications, as they could play a role in non-
invasive monitoring of proton radiotherapy [8] via 
PET. Contrary to 11C and 15O, which are produced by 
nuclear interactions along the proton beam path with 
a higher energy threshold (16.6 MeV for 11C and 20.3 
MeV for 15O), 66Ga and 68Ga metal isotopes are 
produced at lower energies (see Fig. 1). This may 
allow a better measurement of the dose distribution 
deposited by the protons at the end of their trajectory, 
where they have a low energy and deposit the 
maximum amount of dose.   
Zinc in the form of seeds or nanoparticles could 
be used as a contrast agent [9] for the target volume, 
and its distribution localized with a magnetic 
resonance (MR) acquisition. The gallium isotopes 
produced during the proton therapy treatment from 
the Zn(p,n)Ga reactions [10,11] in the zinc material, 
may then be measured in a PET scanner after the 
irradiation. The combination of the information 
provided by the MR and PET images, together with 
an accurate knowledge of the cross-section of these 
reactions, would allow a precise measurement of the 
dose deposited by the low-energy protons.   
Table 1. Main properties of the radionuclides 68Ga and 66Ga. Data 
taken from [13] (b.r. = branching ratio). 
ISOTOPE 68Ga 66Ga 
T1/2 (min) 67.71(9) 569(2) 
Stable daughter 68Zn 66Zn 
β+ decay b.r. 89% 56% 
353 / 822 / [1.2%] 397 / 924 / [4%] Mean Eβ+ (keV) / 
 Qβ+ (keV) / [b.r.] 836 / 1899 / [87.9%] 1905 / 4153 / [50%] 
Mean β+ range 2.24 mm (in water) 5.12 mm (in water) 
In this work we assessed the viability of 
production gallium PET isotopes and 3D image 
reconstruction with positron range corrections. We 
used a low-energy proton beam provided by the 
CMAM [14] facility impinging on a natural Zn target 
to produce the gallium isotopes of interest. This 
Fig.  1. Total cross sections as a function of energy for the 
66Zn(p,n)66Ga, 67Zn(p,n)67Ga and 68Zn(p,n)68Ga reactions [12].  
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 procedure is similar to what was used by Sattari et al. 
[15], but in our case with the beam we depict a 
Derenzo-like pattern on the target and we perform 
PET imaging in a small animal PET scanner. We 
correct for isotope-dependent positron range by 
modelling its effects during 3D OSEM reconstruction 
[7], taking into account the dominant radionuclide 
present in the sample. 
Table 2. Natural abundances of zinc isotopes, (p,n) reaction products and their decay mode, branching ratio and half-life. The energy of the 
main gamma decay transitions is also listed. 
Natural zinc 
isotopes
Abundance 
(%)
(p,n) reaction 
product 
T1/2 Main decay 
mode
Branching 
ratio
E (keV) of main γ decay 
transitions 
64Zn 49.2 64Ga 2.627(12) min β+ 97.5 511.0, 991.5, 807.5, 3365.9
66Zn 27.7 66Ga 9.49(3) h β+ 57.0 511.0, 1039.2, 2751.8, 833.5
67Zn 4.0 67Ga 3.2617(5) d EC 100.0 93.3, 184.6, 300.2
68Zn 18.5 68Ga 67.71(9) min β+ 88.9 511.0, 1077.3
70Zn 0.6 70Ga 21.14(9) min β– 99.6 (1039.2), (176.2)
2. Material and methods
2.1. Isotope production 
The CMAM Cockcroft-Walton tandetron 
accelerator delivers proton beams of up to 10 MeV 
with intensities of 3 µA [14]. In this experiment we 
have used a proton energy of 9 MeV in order to 
maintain a good current stability. This energy 
matches the proton energy at the distal edge of 
typical proton therapy beams [8]. The beam intensity 
has been chosen as a compromise between sizable 
reaction cross-sections and manageable activities (see 
below). A high-purity (99.99%) natural zinc target 
(ρ=7.13 g/cm3) has been used in this experiment, 
with natural abundances of 27.7% 66Zn and 18.4% 
68Zn. The production of our gallium isotopes of 
interest, 66,68Ga, occurs via (p,n) reactions, along with 
the short-lived β+ emitter 64Ga and also 67Ga, which 
decays entirely by EC with T1/2 = 3.2617(3) days and 
provides suitable decay gamma radiation for 
monitoring purposes. The (p,n) reaction products 
induced by the 9 MeV proton beam on natural Zn are 
compiled in Table 2. The 9 MeV beam was 
completely stopped in the first hundreds of microns 
of the Zn foil.  
The activation was performed in the standard 
multipurpose beam line at CMAM (see Figure 2), 
which includes an experimental chamber with a 4-
axes programmable goniometer, with sufficient 
precision and speed in its axial and radial degrees of 
freedom for our purpose.  
The proton beam was used to irradiate the 
natural zinc target foil and depict a pattern as 
presented in Figure 3. This pattern is inspired by a 
quality control Derenzo phantom, commonly used in 
nuclear medicine imaging, which consists of a 
cylinder divided in six sectors, each filled with rods 
of different diameters with centre-to-centre 
separation equal to twice their diameter. The rods 
contain a solution of the desired activity. In our case 
we activated square areas fitting the beam 
collimation, with increasing sides of 1, 2 and 3 mm 
(see Figure 3).  
The beam was collimated to achieve uniform 
activation in the spots and to minimize any border 
effect. The irradiation times and beam intensity were 
Fig.  2.  The experimental chamber at the standard beam line 
at CMAM. 
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 adjusted to attain the same charge per unit area of the 
order of 28 nC/mm2, which leads to similar activity 
per unit surface in each spot. The dimensions, 
currents and irradiation times per spot are compiled 
in Table 3. 
Table 3. Irradiation times and intensities for each of the spots. 
θ (deg) r (mm) Size (mm) Time (s) I (nA) 
252 6,14 3 x 3 2 x 40 6.3 
180 5,11,17 2 x 2 3 x 36 3.1 
108 5,8,11,14,17 1 x 1 5 x 39 0.78 
2.2. Activity of the 66Ga and 68Ga isotopes 
The production of the gallium isotopes is 
governed by the cross-sections plotted in Figure 4. 
From these values the thick target yield Y(E) can be 
obtained from the expression 
Y (E) ≡ nA σ
0
E
∫ ( ′ E ) d ′ E 
dx
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
−1
d ′ E  , (1) 
where nA is the number of target nuclei per cm2, E is 
the proton energy at the entrance of the material (9.0 
MeV in this case), σ(E´) is the cross section plotted in 
Figure 3 and dE'/dx is the (energy dependent) energy 
loss of protons in Zn, as shown in Figure 4. A target 
thickness larger than the range of the protons at this 
energy is explicitly assumed in (1), which is the case 
in our experiment. 
The expected activity and the count rate can be 
obtained by calculating the amount of radionuclides 
produced per unit time (Γ) in a thick target by a beam 
of protons of energy E as 
Γ ≡ φY (E) , (2) 
where φ is the proton flux (s−1) for the selected beam 
current. The thick target yield Y(E) can be calculated 
by considering successive thin slices of target 
material. Alternatively, given the smooth dependence 
of the cross section with the penetration depth (see 
plot in Figure 4), which takes into account the trend 
of the energy loss, the amount of radionuclides 
produced per unit time can be estimated using  
Γ ≡ φfρAr ˆ σ ,  (3) 
where ρA is the atomic density of natural Zn, f the 
fraction of the isotope of interest in the target 
material, r is the penetration depth of the protons in 
the material for which the cross section is non-
negligible, and  the average cross section for the 
given penetration depth. 
In our case we calculated the amount of 66,68Ga 
produced per unit time using discrete energy steps of 
0.5 MeV from 9 MeV down to the energy where the 
cross section vanishes (see Figure 4). The amount of 
67Ga, arising from the 67Zn(p,n)67Ga reaction, which 
serves as activity monitor, has been calculated in the 
same manner. The penetration in the Zn foil was 
obtained from the stopping power factor computed 
with SRIM [16].  
Fig.  3.  Sketch of the Derenzo-like pattern activated with the 
9 MeV proton beam on the Zn target. 
Fig.  4.  Cross sections (left axis) for 68Ga, 67Ga and 66Ga and 
energy loss (right axis) as a function of depth in the Zn target 
for incident protons of 9 MeV. The cross section values are 
plotted in decreasing steps of 0.5 MeV, starting at 9 MeV. 
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 After the PET measurements described in next 
section were performed, the decay of 67Ga in the foil 
was also used to monitor the activity in the target and 
to verify the production cross sections. For that 
purpose high-resolution gamma spectrometry was 
performed with a LOAX-type HPGe detector [17], 
whose absolute efficiency had been previously 
calibrated. 
Measurements of 67Ga were performed 8 days 
after the irradiation, once 68Ga (and other shorter-
lived isotopes such as 66Ga), had almost completely 
disappeared. Several individual measurements over a 
period of 5 half-lives of 67Ga, each lasting for 20000 
seconds, were done. An example is shown in the 
gamma spectrum of Figure 5, where the most intense 
67Ga gamma decay peaks (see Table 2) can be clearly 
identified. Some of the gamma rays from the decay 
of 68Ga, including the 511-keV gamma, are weakly 
observed at higher energies. The activity of the 67Ga 
gamma rays, diminishing with the 67Ga decay 
constant, was studied in order to obtain the original 
activity after the irradiation, which was consistent 
with the estimate of 0.25 kBq discussed in Section 3. 
2.3. PET image reconstruction with isotope-
dependent positron range correction 
After the irradiation, the Zn foil with the Ga 
Derenzo-like pattern was submerged in water and 
measured in the ARGUS small animal PET/CT 
scanner [2]. The Ga activity was concentrated on a 
superficial thin slice of less than 250 µm on the Zn 
target. The measurements started 2.25 hours after the 
end of the bombardment (EOB) of the foil, and 27 
frames (1200 seconds each) were acquired. For each 
frame, the total number of counts was computed, 
obtaining a time-activity curve (TAC). An energy 
window was defined from 400 keV to 700 keV, 
which minimizes the contribution from the intrinsic 
activity of the LYSO crystals.  
The images were reconstructed with the iterative 
reconstruction code FIRST [7,18], with and without 
PR correction [6]. The algorithm included the 
one-step-late maximum-a-posteriori (OSL-MAP) 
regularization described in [19] with β=0.1. Forty 
iterations of the algorithm were used in all cases. The 
reconstructed images consisted of 175 × 175 × 61 
voxels of 0.388 × 0.388 × 0.775 mm3.  
As shown in our previous works [6,20] PR 
correction can be introduced into the iterative image 
reconstruction using the PR distribution obtained 
from Monte Carlo simulations [21] as an additional 
blurring applied to the object. In this case, the system 
response model simulated with PeneloPET [22] 
should not incorporate the PR effects, but must 
include all other physical effects like non-colinearity 
or inter-crystal scatter.  
Following a similar approach as in [6,20] the PR 
correction is only applied in the forward projection 
step. Using it also in the backward projection makes 
the algorithm to converge more slowly without 
improving the images [6]. The PR-corrected OSEM 
(PR-OSEM) iterative algorithm is: 
€
x' j = x j
Aij
i
∑ yiAij ˜ x j
j
∑
⎛ 
⎝ 
⎜ 
⎜ 
⎜ 
⎞ 
⎠ 
⎟ 
⎟ 
⎟ 
Aij
i
∑
,              (4)  
where 
€
˜ x j  is the image blurred by PR that is forward 
projected. 
€
˜ x j  is obtained by the convolution of the 
initial image 
€
x j  with a kernel corresponding to the 
annihilation Point Spread Function (aPSF): 
€
˜ x j = x j ⊗ aPSF .              (5) 
The aPSF is the 3-dimensional range profile 
corresponding to the isotope source and material 
present at voxel j. In this work we used a PR kernel 
Fig.  5.  Low energy gamma rays from the remaining activity 
in the activated Zn foil, obtained 8 days after irradiation with a 
HPGe detector. They correspond mainly to the 67Ga decay 
(labeled lines). 
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 of 25 × 25 × 13 voxels of 0.388 × 0.388 × 0.775 mm3 
that was sufficient to describe the PR distribution of 
the Ga isotopes in Zn and water. The different PR of 
68Ga and 66Ga in Zn and water are shown in Fig. 6. 
The Ga isotopes were formed on the surface of 
the disc, as the maximum depth in which they were 
created by the proton beam is 0.2 mm (Fig. 4). 
Therefore, the material of the voxels of the image 
containing the activated Ga sources can be 
considered a mixture of Zn and water. We used the 
approximation of considering a homogeneous PR in 
(2) with a distribution obtained as the mean of the 
distributions in Zn and water. 
In these acquisitions there was a mixture of two 
PET isotopes in the sample. Therefore, we also had to 
use a mixture of their PR kernels to perform the 
correct PR correction. The distinctive half-lives of 
both PET isotopes make this mixture to be different 
in each frame. In the initial frame the admixture 
contained 85% of 68Ga and 15% of 66Ga PR kernels. 
For the second acquisition, we combined 64% of 
68Ga and 36% of 66Ga, and in the last one, we mixed 
4% of 68Ga and 96% of 66Ga. 
3. Results and discussion
The calculated amount of radionuclides produced 
per unit time and nA of proton beam (i.e. per nC on 
target) was (66Ga) = 4.23 ⋅105 nC–1, (67Ga) = 1.04 ⋅ 
105 nC–1 and (68Ga) = 6.00 ⋅ 105 nC–1. The estimated 
relative uncertainty based on the tabulated cross 
section energy and on the approximation by equation 
(3) is of the order of 10%. From the values above, the 
activities of the different isotopes in the foil at the 
EOB are calculated to be A(66Ga) = 8.5 kBq, A(67Ga) 
= 0.25 kBq and A(68Ga) = 99 kBq. Therefore, the 
expected activities from the cross-section values 
when the PET imaging was started (2.25 hours after 
the EOB, see Section 2), was 7.2 kBq of 66Ga and 
25.8 kBq of 68Ga, yielding a total of 33.0 kBq, since 
67Ga is not a positron emitter. Therefore, using the 
branching ratios of ?+ emission from Table 1, the 
expected amount of positron emissions per second at 
the beginning of the PET acquisition was 27 ± 3 kBq. 
An activimeter was used at that moment, 2.25 hours 
after EOB, to experimentally measure the target ?+ 
activity via 511-keV photons, perfectly matching the 
expected 66,68Ga isotope activity. 
The cumulative 3-dimensional distributions of 
the PR of 66Ga and 68Ga in water and Zn obtained 
from the MC simulations are shown in Figure 6. It 
shows the percentage of emitted positrons that are 
stopped in the material within a sphere of radius r. 
This kind of representation gives a better idea of the 
PR distribution than other proposed ones, like 
profiles through the 3D-distribution, or projections 
over specific angles [21]. 
It can be seen in Fig. 6 that 95% of the positrons 
emitted by 68Ga will annihilate within a sphere of 
0.76 mm radius in Zn and 5.5 mm in water. On the 
other hand, 66Ga emits positrons with much larger 
energy, and 95% of them are stopped within 1.9 mm 
in Zn and 13.5 mm in water. The differences in the 
PR between isotopes and materials become apparent. 
Fig.  6. Positron range cumulative 3-dimensional distribution 
for 66Ga and 68Ga in water and Zn. 
Fig. 7. PET reconstruction of the Derenzo-like pattern 
irradiated in the Zn target shown in Fig. 3. (Left) Acquisition 
1: 2.25 hours after irradiation (Center) Acquisition 2: 4.25 h 
after irradiation (Right) Acquisition 3: 10.25 hours after 
irradiation. No range correction is implemented on the top 
images, whereas PR correction is included on the bottom one. 
The relative amount of the Ga isotopes contributing to the 
PET image is also shown. The profiles along the line shown 
across the 2 mm spots are plotted in Fig. 8.  
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 Figure 7 shows the PET reconstruction of the 
Derenzo-like pattern irradiated in the Zn target of 3 
acquisitions: 2.25, 4.25 and 10.25 hours after EOB, 
with 20-, 40- and 180-minute acquisition, 
respectively. The duration of the frames was chosen 
in order to have a similar amount of coincident events 
in each dataset. The reconstruction was performed 
without (top row) and with (bottom row) PR 
correction. It is important to note how the large 
positron range of 66Ga creates not only an image with 
lower resolution, but also with significantly larger 
background. 
Figure 8 shows the profiles through these images 
along the 2 mm spots indicated by the line shown in 
the top left of Fig. 7. These profiles show how the 
blurring and background caused by the PR can be 
cured with the appropriate PR correction. This has a 
significant impact on the images obtained with 
isotopes that emit positrons with large initial energy 
such as 66Ga. The quantitative analysis of these 
images indicates that a resolution down to 1.5 mm 
can be obtained with 66Ga with PR correction, versus 
2.5 mm without it. The peak to valley ratio is greatly 
improved by a factor of more than 5 and the 
reconstructed apparent size and peak height of the 
activity profiles with different mixtures of isotopes is 
similar. With our approach, the resolution and peak to 
background ratio is recovered in the PR-corrected 
images for 68Ga and 66Ga.  
Additionally, we have explored the feasibility of 
PET imaging with the produced 68Ga and 66Ga 
radioisotopes in the context of proton therapy. 
Nanoparticles of high-Z materials have been 
proposed as radiosensitizers aimed at enhancing 
radiation dose delivered to tumours [23]. In this work 
we verified that the generated ?+ activity in the Zn 
target matches the expected values from the tabulated 
cross-sections within 10% uncertainty, in view of a 
possible use of Zn seeds for PET monitoring of 
proton therapy. Assuming a density of Zn ferrite 
nanoparticles of 10 mg per gram of tissue [24], a 
proton beam of 140 MeV will produce a 68Ga activity 
of 4 Bq per nC of deposited charge (i.e. 1 nA in 1 s), 
and about 0.75 Bq of 66Ga. For the above estimate the 
stopping power of protons in water has been used, 
and a density of 1 g/cm3 is assumed (see Figure 9). 
Fig. 9. Cross sections (left axis) as a function of depth in water for 
68Ga, 67Ga and 66Ga due to (p,n), (p,2n) and (p,3n) reactions on 
66,67,68Zn, scaled to the natural abundances, together with (p,n) 
cross sections for the production of 11C and 15O. On the right axis 
the energy loss in water is plotted for reference. The labels show 
the beam energy in MeV.  
This activity is produced in the last ~5 mm of the 
proton range before stopping, where virtually no 
other reaction channels are open, in particular the 
production of 11C or 15O in tissue. As a comparison, 
the activity production rates at the EOB for 10,11C and 
15O are reported in [25] to be 109 ± 12 Bq/s for a 140 
MeV 16 pA proton beam, over the whole range (12.1 
cm) for the beam completely stopped in an acrylic 
glass (PMMA) phantom. Although this is higher than 
the EOB activity density from the activated Zn, the 
Ga activity would be localized in few millimetres of 
tissue, and secondly the half-life of 66Ga and 68Ga is 
much larger than 11C (T1/2 = 20.39 min), 15O (T1/2 = 
2.037 min) and 10C (T1/2 = 0.3218 min), making it 
possible for a PET acquired 2 hours after EOB to 
mostly show the activity coming from the Ga 
isotopes. In any case, reaching Ga activities similar to 
Fig. 8. Profiles through the 2 mm Ga sources for the 
acquisition 1 (mostly 68Ga), acquisition 2 (admixture), and 
acquisition 3 (mostly 66Ga) shown in Figure 6, with PR 
correction (PRC) and without it (No PRC). By using the PRC 
the peak to valley ratio is improved by a factor of 6 (ACQ1), 5 
(ACQ2) and 6 (ACQ3). 
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 those of C and O isotopes would require the use of 
macroscopic Zn seeds. It should be noted that the 
co-registration of the PET and MRI images of the 
zinc material would enable to quantify the density of 
Zn present in the target area. 
4. Conclusions
In this work we have investigated an 
experimental method for producing phantoms for 
simultaneous PET imaging with gallium 68Ga and 
66Ga isotopes. These radioisotopes can be 
simultaneously produced with a low energy proton 
beam, due to the low energy reaction threshold for 
production by (p,n) reactions on a zinc target.  
For this purpose an activation experiment has 
been preformed at CMAM in Madrid. Short 
irradiation times at a low proton beam current have 
been used to depict a Derenzo-like pattern in a 
natural Zn foil, yielding a high-resolution activity-
calibrated gallium phantom for PET imaging. The 
measured activity of the 68Ga and 66Ga beta emitters 
matches very well the estimates based on the 
evaluated (p,n) reaction cross sections and projected 
proton ranges in Zn. Other reaction products did not 
disturb our purposes, either due to the half-life or to 
the absence of positron emission.  
The irradiation leads to the simultaneous 
production of the two Ga isotopes with different 
positron ranges and half-lives, which can be 
employed to assess positron range corrected 
reconstruction methods. The reconstruction without 
using the appropriate PR distribution has a negative 
effect in the quality of reconstructed images (low 
resolution images with significant background), 
whereas the use of isotope-dependent PR correction 
yields a similar apparent size and peak height of 
activity profiles in acquisitions with different 
mixtures of isotopes. Therefore it can be successfully 
employed to recover the spatial resolution. In 
addition, these nuclides may play a role in off-line 
PET monitoring of proton radiotherapy due to their 
half-lives and appropriate β end-point energy.  
In conclusion, the approach proposed in this 
work improves significantly the quality of the 
reconstructed images, rendering PR corrected images 
for large PR isotopes, such as 68Ga and 66Ga, practical 
and usable.  
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